Background and Purpose: Recent reports have shown an increase in specific binding (in vitro) of [3H]PK 11195 to peripheral-type benzodiazepine receptors in both experimental animals and humans, reflecting a glial/macrophagic reaction within and around focal ischemic insults. We have evaluated by positron emission tomography the time course of changes in brain uptake in vivo of "C-labeled PK 11195 and flumazenil (an antagonist of central benzodiazepine receptors) as indirect and direct markers of neuronal loss, respectively, after focal cerebral ischemia.
and thus a potential direct marker for neuronal damage) after a focal ischemic insult in baboons subjected to unilateral MCAO.
The major interests in our study were as follows: (1) to directly compare the capacity of [ (2) to follow the temporal evolution of these alterations in the (computed tomography [CT]-determined) infarct and immediately surrounding tissue, by studying each baboon in repeated PET sessions at various times (1 to 91 days) after the ischemic insult; and (3) to compare, concomitantly, the uptake of the two ligands to alterations in cerebral blood flow (CBF) and cerebral metabolic rate for oxygen (CMRO2), two nonspecific brain functional variables.
Materials and Methods
Procedures Experiments were performed in 10 adolescent male baboons (Papio anubis or Papiopapio; body weights, 9 to 14 kg). The baboons were tranquilized initially with methohexital (20 mg/kg IM; Brevital, Lilly), and anesthesia was induced by the administration of etomidate (3 mg/kg IV; Hypnomidate, Janssen) and clonidine (80 ,g, infused intravenously over 10 minutes; Catapres, Boehringer Ingelheim). After muscular relaxation by atracurium (0.5 mg/kg IV, then 0.75 mg/kg per hour, Tracrium, Burroughs Wellcome), endotracheal intubation was performed, and intermittent positive pressure ventilation was adjusted to maintain normocapnia. Anesthesia was maintained with 67% nitrous oxide in oxygen and etomidate (0.3 mg/kg per hour). Arterial blood samples were withdrawn periodically for the measurement of Paco2, Pao2, pH, hemoglobin, hematocrit, and plasma glucose levels. Body temperature was maintained within normal limits by heating blankets. The electrocardiogram, heart rate, and arterial pressure were monitored continuously. After the end of each PET session, the baboons were allowed to recover fully and returned to their cage.
Occlusion of the Middle Cerebral Artery
Under aseptic conditions and anesthesia supplemented with isoflurane (0.5% to 1.5%; Forene, Abbott), the middle cerebral artery (MCA) was occluded either by transfemoral emplacement of a balloon catheter into the lumen of the MCA under angiographic control (n=3) or by direct clipping of the MCA via a transorbital approach (n=7); the occlusion was temporary (3 to 6 hours) in nine baboons (reperfusion was documented by angiography or by Doppler sonography) and permanent in one. Reconstruction of the orbit under aseptic conditions allowed a complete postoperative recovery without complications in all baboons and permitted long-term survival, with the exception of baboon No. 9 , which died at day 3 because of a massive MCA territory infarction.
Radiochemistry
[WC]PK 11195 and ['Ciflumazenil were produced with greater than 99% purity according to the methods of Camsonne et al"l (1984) and Maziere et al17 (1984) . High specific radioactivity (SRA) was obtained at the time of injection and ranged from 121 to 1143 and 119 to 422 mCi/,mol, respectively, except for two ["lC] flumazenil studies (39 and 83 mCi/,umol) in which lower SRA was partially compensated for by reducing the injected radioactivity to achieve tracer dose amounts16'18 (Table 1) .
Positron Emission Tomography Procedures
We used the four-ring, seven-slice, LETI TTV03 PET device (CEN, Grenoble, France) with a spatial resolution of 5.5 xS.5 x 9 mm (x, y, z). 19 To obtain reproducible head positioning (both interanimal and intra-animal), the baboon's head was fixed in a specially designed frame with ear bars placed in the external bony auditory canal (checked by a radiogram). Through the use of external laser beams, seven planes (-27 mm to +45 mm relative and parallel to the canthomeatal line) were imaged, according to an anatomic PET atlas.20 A 'Ga-'Ge transmission scan was performed before each PET session.
A total of 18 PET sessions were performed. The baboons were submitted once (n=3), twice (n=6), or three times (n= 1) to a PET session at different times after MCAO. The standard study protocol consisted of five successive PET examinations, performed the same day on the same baboon, described as follows: (1) successive inhalation of "O-labeled C02, 02, and CO to map CBF and blood-volume-corrected CMRO2, respectively (150 steady-state technique21,22); (2) ["C]PK 11195 intravenous bolus injection12; and (3) ["C]flumazenil intravenous bolus injection. 16 Each study was initiated after the near-complete decay of the preceding radiotracer. For both benzodiazepine radiotracers, the PET acquisition procedure lasted 60 minutes. Arterial samples (limited in volume to restrict cumulated blood loss) were drawn at predetermined intervals (between 0 to 60 minutes) for the determination of plasma`C radioactivity (corrected for decay). For 
Morphological Images
In the chronic stage (20 to 66 days after MCAO), the baboons underwent (whenever possible in vivo) an x-ray CT scan (model CGR-CE 12000, Paris, France) to establish the presence, topography, and size of a hypodense lesion, taken to represent approximately the final infarct; in one baboon (No. 9), because of massive MCA territory infarction incompatible with survival, a magnetic resonance image (MRI) (Signa 1.5 T, General Electric, Milwaukee, Wis) T2 scan was obtained (immediately postmortem) because CT scanning would be less accurate for infarct delineation at this stage. The same positioning procedure as that described for the PET study was used during these examinations, which allowed us to obtain superimposable images for both procedures.
Regions of Interest
The CT scan (or MRI) images were used to select the plane on which the hypodense area was most evident (normally the basal ganglia plane, 21 mm above the canthomeatal line). These images, standardized to the same pixel size as the PET image, were displayed onto a video device to determine visually an irregularly shaped "infarct" region of interest (ROI) that followed the contours of the hypodense area (or MRI T2 hypersignal in baboon No. 9) and for which the computer provided the area in square centimeters. To assess changes at the boundary of the infarct (a region of importance previously identified by [3H]PK 11195 in vitro autoradiographic techniquesl.3.26), we also defined a crescent-shaped "peri-infarct" ROI as an area immediately concentric and external to the perimeter of the infarct ROI and with a thickness of approximately 6 mm (6 pixels) (Fig 1) . This procedure was not performed in baboon No. 9, which had an apparently extensive infarct and in which the ['CJPK 11195 study was not performed. Both ROIs were then copied by a computer mirror function procedure onto the contralateral hemisphere with respect to the midline. After computerassisted superimposition of the CT scan and PET FIG 1. Computed tomographic scan from baboon No. 2 obtained in vivo at 65 days after occlusion. Axial cut was taken parallel to and 21 mm above the canthomeatal plane. In the upper image, scaling was adjusted to evidence hypodense area in right basal ganglia (with some dilatation of horn of right lateral ventricule). Lower image shows same cut from the same baboon. However, in this instance scaling has been adjusted to highlight the isocontours that delineate the "infarct" (as the hypodense area) and "peri-infarct" regions of interest as well as their corresponding contralateral homologous regions (see "Materials and Methods").
images, the ROIs were transposed onto the corresponding CMRO2, CBF, and radioligand uptake images. The corresponding values of CBF, CMRO2, and radioligand uptake (dynamic images) were then calculated for the two ROIs on both hemispheres. bound radiotracer and hence of three-compartmental modelization.28 Thus, in all our studies, radioligand uptake changes were analyzed by means of affected/ contralateral side ratios, which normalize the data for both interregion and intersubject differences in radioligand uptake. 29 However, with respect to [11C]flumazenil, a two-compartmental approach has been published by Koeppe et a123 while our series of experiments were under way; accordingly, we were able to carry out modelization in two experiments (see above).
Results Table 1 summarizes the experimental data, including time after MCAO. the topography and surface of the infarcted area (assessed by CT scanning), and the injected dose (both radioactive and molar) of the radioligands.
Kinetics of 11C-Radiotracers
Representative (Fig 4) , and the increased specific [1`C]PK 11195 binding at 28 days (Fig 5) Since pre-MCAO values were not available, these limits were established through the use of irregularly shaped ROIs of size comparable to that generally used in the study and placed in the cortical territory of the anterior cerebral artery of control (n-2) or post-MCAO (n=4) baboons (regarding the latter, there was no detectable infarct [n=2] or only a small deep MCA territory infarct {n=2 and n-i for [ 7 , showing an essentially subcortical hypodensity on the chronic-stage computed tomographic (CT) scan obtained 38 days after occlusion (in the living animal) and corresponding level positron emission tomography images at 28 and 30 days after occlusion. A decrease in cerebral blood flow (CBF) and cerebral metabolic rate for oxygen (CMRO2) is evident in the affected area (see Table 2 ). We have evaluated the behavior of ['`C]PK 11195 uptake by means of affected/contralateral ratios; this semiquantitative approach has also been used by oth- Contra indicates contralateral region; K1, ligand transport from blood to brain; CBF, cerebral blood flow; and DV", local ligand distribution volume. *Infarct/contralateral ratios.
tSee Table 2. t["C]Flumazenil 20-60-min uptake ratios (see Table 2 ).
by guest on August 3, 2017 http://stroke.ahajournals.org/ Downloaded from ers.10"13'14 To date, there has been no report of a quantitative compartmental modeling of [`C]PK 11195 data because of the nondetermination of "C-labeled metabolites and lack of a "reference" brain region devoid of o-3 sites; thus, in normal brain tissue, only the use of a saturation procedure (coinjection with saturating amounts of cold PK 11195) has been able to demonstrate the specific binding of [`C]PK 11195, but its precise quantification was complicated due to the displacement, and subsequent release into the systemic circulation, of radiotracer bound specifically to peripheral organ tissues, resulting in transiently enhanced uptake in the brain.'2 The use of this procedure in one illustrative example (see Fig 5) demonstrated a reduction to unity from a prominently increased ratio in the tracer amount experiment indicative of elevated specific binding; thus, these results rule out the remote possibility of our findings being related to either enhanced tissue entry of "C-labeled PK 11195 and metabolites through a damaged blood-brain barrier or increased nonspecific binding. Although 9, 12a, and 14) , the [`C]PK 11195 ratio was greater in the infarct than in the adjacent peri-infarct tissue (see Table 2 ). Indeed, autoradiographic studies in the brains of patients who died 7 to 22 days after stroke revealed a sevenfold enhancement of w-3 site densities in the periphery (1 to 2 mm thick) of the infarction.4
The elevated density of co-3 sites in infarcted and peri-infarct areas has been interpreted as representing a glial reaction and/or a macrophagic cell infiltra- level, have demonstrated that 1 day after focal ischemia the neuronal somata are relatively maintained, albeit pyknotic and hyperchromatic, whereas there is already a considerable synaptic disruption including early massive calcium entry and later mitochondrial swelling39'41-44; thus, the reduced flumazenil uptake in vivo may reflect irreversible synaptic dismantlement. One might also implicate receptor downregulation with impaired protein synthesis, or decreased receptor affinity (due to altered cellular environment and/or receptor conformation). Nevertheless, whatever the exact mechanism(s), flumazenil imaging could be a useful in vivo marker for early synaptic damage.
Although reflecting in part a lower sensitivity of [1"C] 
